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We suggest that the dark side of the universe builds a dark medium modifying the Standard Model 
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that the size of the corrections are smaller than the SN1987a bounds. We argue that before invoking 
modifications of Einstein's theory of relativity one should investigate the dark medium effects. 
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I. INTRODUCTION 

The dispersion relations for the Standard Model (SM) 
particles are currently under experimental investigation. 
In particular due to the fact that neutrinos couple very 
weakly to matter they constitute an excellent case study 
of potential Lorentz violation. It is a well known fact, 
however, that matter effects can also deform the dis- 
persion relations without invoking modification of Ein- 
stein's special relativity theory. This is, indeed, already 
the case for neutrinos propagating through Earth OJHI- 

On the other hand we are surrounded by a dark 
medium and therefore we investigate its potential ef- 
fects on SM particles dispersion relations. We start by 
introducing the properties of the dark medium and intro- 
duce the generic form of the, in dark medium, modified 
dispersion relations for SM fermions. We provide ex- 
plicit models of the dark medium featuring dark gauge 
sectors and use them to determine the changes in the 
SM fermions dispersion relations. We finally compare 
the results with experiments and show that the size of 
the corrections is much smaller than the SN1987a exper- 
imental bounds 1 5 ] . 



II. DARK MEDIUM AND MODELS 

Observations have demonstrated that our universe 
contains a baryonic medium providing a net matter den- 
sity, it is therefore reasonable to assume that the dark 
side, holding the majority share of the universe, also 
builds a dark medium. Whatever this medium is consti- 
tuted of, if the dark side couples to the SM fields can lead 
to in dark medium modifications of the SM particle disper- 
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sion relations. Here we will concentrate on the generic 
form of the dispersion relations for a SM fermion such 
as the neutrino. 

Left start by defining with u a the four-velocity of the 
center-mass frame of the dark plasma with u a u a = 1. We 
assume the dark sector to contribute to the real part of 
the self-energy of a generic massless fermion according 
toll: 



(1) 



with a and b functions of K 2 and K ■ u. It is conve- 
nient to introduce the Lorentz scalars a> = K ■ u and 
k = yj(K ■ u) 2 - K 2 . In the plasma frame, u a = (1,0,0,0) 
and co corresponds to the energy of the particle with re- 
spect to that frame and k its momentum. The fermionic 
propagator becomes: 



S(co,k) = 



(i +«)£+; 



K-2t£(K) [(i + a )co + b] 2 - [(1 + a)kf 



(2) 



Notice that b(co, k) has dimension of energy, while a(co, k) 
is dimensionless. The fermionic dispersion relations are 
obtained studying the zeros of the propagator [6|. It is 
always possible to define, once the solutions are deter- 
mined for a specific theory, an index n(k) as follows: 



co = kn(k) 



(3) 



Notice that n(k) is the inverse of the refraction index, 
namely it is equal to the phase velocity. The group ve- 
locity is instead 



dco , dn 

V z=M =n + k dk 



(4) 
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We consider the quasi-particle solution which is 
smoothly connected to the in vacuum solution when the 
b term vanishes. In general there are four independent 
solutions. A detailed discussion can be found in |7J. 
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If the medium violates parity the dispersion relations 
for the left and the right handed quasi-particles decouple 
EI: 

[(1 + a L )cv L + b L ] 2 - [(1 +a L )kf = 0, (5) 
[{\+a R )oo R + b R } 2 -[{\+a R )kf = 0. (6) 

In the model section we will introduce simple models of 
dark medium. To compare with current experiments 
we assume that the particle investigated have a spe- 
cific quasi-particle dispersion relation differentiating left 
from right. In this case one has two independent in- 
dices, rii and n R . The left handed particle and its right 
handed anti-particle can travel at different speeds with 
respect to the right handed particle and its left handed 
anti-particle. However, strictly speaking the SM con- 
tains only the left handed neutrino and the associated 
right handed anti-neutrino. Their index will be simply 
indicated by n(k) in the following. 

We consider, as a model, the dark medium to be com- 
posed by a non-abelian gauge theory under which the 
ordinary neutrinos transform nontrivially. We will also 
assume that the dark particles, and the neutrinos, have 
non-zero chemical potentials. The finite temperature 
and chemical potential corrections, leading to nonzero 
a and b functions, for the asymptotic large k behavior 
EH3, M <£ k, are: 

M 2 , M 2 

a>(k)=k+ — +0(k- 3 ), n(k) = l + — , (7) 

with 

g is the dark gauge coupling and C(R) is the quadratic 
Casimir defined by (T A T A ) mn = C(R)5 mn/ with R the 
dark representation under which the neutrino transform. 
A — 1, ...,Nq - 1 since we assume, for definitiveness, 
SU(Nd) to be the dark gauge group. We consider the zero 
temperature case and are working in the dark plasma rest 
frame. The group velocity becomes 

M 2 

\-v g = — =n(k)-\ , (9) 

so the propagation is subluminal. One realizes that the 
particle speed is slowed when the temperature is high 
and/or the chemical potential is significantly large. 

From |7) we observe a natural subluminal medium ef- 
fect not due to an intrinsic Lorentz violation. One can 
use an Abelian dark medium yielding similar physical 
results 1 6 ,7\. Of course, there are many potentially inter- 
esting differences between an abelian and a non-abelian 
plasma such as the onset of self-induced superconduc- 
tivity or superfluidity for the non-abelian case, which 
will be explored elsewhere. 



III. PHENOMENOLOGY OF DARK MEDIUM 

We now focus on the dark medium modified neutrino 
dispersion relations and, using |7} as reference, we pro- 
vide an estimate of the model deviations from the speed 
of light to be confronted with the experiments: 

n(k)-l<(^) 2 . (10) 

In this expression we replaced M by the neutrino mass 
m v which acts as a phenomenological upper limit for M 
itself. The reason behind this choice is that, in the small 
k limit and if the neutrinos studied originate on Earth, 
M becomes the effective neutrino mass, and therefore 
cannot exceed the upper limit set by known experiments 
such as the tritium beta decay J9j- 

Assuming m v < eV and taking k ~ 10 MeV, we esti- 
mate n(k) - 1 < 0(1O~ 14 ) for electron anti-neutrinos com- 
ing from the explosion of the SN1987a l lOl [TT1 . In the 
latter estimate, we used as upper limit for M the mass of 
the neutrino which, in this case, can be replaced by the 
number density of the dark medium. To be concrete we 
use the number density for dark matter and write: 

w \ 8 2N D )\k) \nm DM ) y ' 

The dark medium is composed by an SLT(Nd) gauge 
theory with dark gauge coupling g and with fermions 
transforming according to the fundamental representa- 
tion. This analysis applies immediately to a dark abelian 
medium. We assume that the product of the gauge cou- 
pling times the quadratic Casimir over 8 is around unity; 
consistency of perturbation theory could require a fur- 
ther suppression of this estimate. Since the dark matter 
number density depends on the distance from the center 
of the galaxy, the modification of the neutrino disper- 
sion relations also depends on such distance. For defi- 
niteness, we focus on our galaxy. The dark matter halo 
profile of the Milky Way can be modeled as follows: 

1 

Pdm(t) = po i-r • (12) 

(r/r c )r[l + (r/r c ) a Y-J 

In the case of the Moore 1T121 profile we have a = 1.5, 
j3 = 3, y = 1.5, r c = 28 kpc, p = 0.0585GeV/cm 3 . For the 
Navarro Frenk and White (NFW) l[T3l profile we have 
a = 1, p = 3, y = 1, r c = 20 kpc and p = 0.26GeV/cm 3 , 
while for the Isothermal case a = 2, $ = 2, y = 0, r c = 3.5 
kpc, po = 2.08GeV/cm 3 . The profiles are normalized in 
order to have pDM^sun) - 0.30GeV/cm 3 , at r sun = 8.5 kpc. 
The corresponding n (k) - 1 profiles are plotted in Fig. [lias 
a function of the distance from the centre of our galaxy, 
for k = 10 MeV and otdm ~ tn v — 1 eV (upper curves) 
and nijjM 10 GeV (lower curves). Within each set of 
curves the up most corresponds to the Moore profile, 
the middle to the NFW profile and the bottom to the 
Isothermal one. From Fig. [TJ obtained for k - 10 MeV, 
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FIG. 1 : n(fc) - 1 profile in the Milky Way galaxy for k = 10 MeV. 
The upper curve is obtained for m DM ~ m v — 1 eV while the 
lower curve is obtained for m DM — 10 GeV. On the x-axis we 
report the distance from the center of the Milky Way. 



emerges that, unless the nioM 1S extremely small, the 
estimate for SN1987a from | |T0) is substantially larger 
than the one obtained here, and therefore this estimate 
can be seen as an upper bound. 

Our predictions are in full agreement with the 
SN1987a constraints on the neutrino propagation. The 
SN1987a emitted all neutrino and anti-neutrino flavors, 
but only the electron anti-neutrinos could be detected 
by the experiments running in 1987. The observation 
that the photons and the electron anti-neutrinos emitted 
by the SN1987a arrived within a few hours actually im- 
plies (c - v Vr )/c = n Vf (k) - 1 < lfr 9 for k = O(10) MeV 
[5|. The fact that all the detected electron anti-neutrinos 
arrived within 10 seconds, is naturally accounted for if 
n Ve (k) - 1 < 2 x 1CT 12 at A: ~ 10 MeV. The latter bound 
corresponds to a sensitivity to M at the level of about 
15 eV. Since the value of the effective mass M is nat- 
urally smaller than the eV-scale, we can conclude that 
dark medium effects induced a time spreading in the 
SN1987a neutrinos which was smaller than 0.1 seconds, 
hence safely negligible. 

IV. CONCLUSIONS 

We investigated the dark medium effects on the SM 
particle dispersion relations. We introduced the generic 



form for the modified dispersion relations and provided 
explicit models of the dark medium to compute them. 
In these models the fermions acquired speeds smaller 
than light in the vacuum. In general we expect, and 
our models support this expectation, the dark medium 
effects to disappear at very large momenta given that al- 
most any ordinary medium becomes transparent in this 
regime. We have then shown that with natural values for 
the dark medium densities the size of the corrections to 
the neutrino dispersion relations are much smaller than 
the bounds set by SN1987a. It is worth mentioning that 
in lTT4l IT51 the modified dispersion relations for the SM 
fermions were predicted assuming a Bose-Einstein (BE) 
relativistic condensation in the bosonic sector of the SM, 
or in a simple extension of it. The corrections are similar 
to the ones presented here. 

It is relevant to mention that we expect that it is pos- 
sible to disentangle modifications to the dispersion re- 
lations due to, in medium effects, from the ones com- 
ing from, for example, an explicit breaking of Lorentz 
violation coming from a more complete gravitational 
theory. The reason being that, in the second case, the 
dispersion relations should receive corrections inversely 
proportional to an high energy scale such as the Planck 
scale or any other ultraviolet scale. This implies that the 
gravitational corrections to the dispersion relations are 
larger at higher energies while the ones coming from, in 
medium corrections, disappear at very high energies. 

The size of the dark medium corrections to Lorentz 
preserving SM particle dispersion relations, clearly 
shows that these effects should be accounted for, be- 
fore invoking drastic modifications of Einstein's theory 
of relativity. 
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